Introduction
In chemical industries ejectors have been widely utilized to entrain or pump corrosive liquids, slurries, fumes and dust-laden gases which maybe are difficult to handle (Acharjee et al., 1975) . Ejectors can also be used for mass transfer operations to absorb toxic and dangerous gas such as alkaline liquid for chloride and sulfur dioxide or unfriended gas such as carbon dioxide (Tian, 1997) . In addition, ejectors are also applied to act as reactors to promote the product yield and utilize the raw material fully such as sulfonation of aliphatic acid methyl ester by gas SO 3 (Yuan et al., 2003) and MDI phosgenation (Zhao, 2006) . Ejectors attain higher mass transfer rates and thereby improve the mixing effect between phases. The gas-liquid two phase flow is a research focus internationally in chemical engineering science. Otake et al. (1981) studied the flow regimes in some up-flow jet mixing tube and found that there existed four different flow patterns in the mixing tube: plug flow, ring flow, bubble flow and jet flow. In their work, they observed that the transition from bubble and jet flow occurred at gas to liquid flow rate ratio of 1-2. Dirix and van der Wiele (1990) researched the gas-liquid flow in the ejector with a venturi nozzle. Their results showed that in the up-flow ejector there were two flow regimes-bubble flow and jet flow due to the different gas to liquid flow ratios. In case of low G/L ratios bubble flow appeared which was characterized by the formation of small gas bubbles in a continuous liquid phase, uniformly moving down the diffuser pipe. At higher gas flow rates a transition from bubble flow to jet flow took place and the transition occurred at a volumetric ratio of gas to liquid flow of approximately 1.3. Dutta and Raghavan (1987) reported the transition in down-flow ejectors occurred at 0.65. Actually, in our previous work (Yao et al., 2008) , it was found that the different flow regimes coexisted for the gas-liquid two phase in the up-flow ejector. When the liquid with high energy enters the ejector by nozzle it formed liquid jet. The gas was sucked into the suction chamber of the ejector due to the vacuum resulted by high-velocity liquid via the nozzle. Before the disintegration of the liquid jet, the gas flowed up surrounding the jet. While at a certain point along the axial direction the liquid jet broke up and the gas phase was dispersed by the liquid jet and formed bubble flow or other flows such as block flow. According to Experiment set-up: 1. water storage tank; 2. valve; 3. pump; 4. liquid rote meter; 5. ejector; 6. gas rotermeter; 7. CO 2 or air compressor; 8. laser aperture; 9. laser generator; 10. CCD camera; 11. synchronizer; 12. computer Cunningham and Dopkin (1974) , the location of jet break was of key importance for the ejector performance. The dispersion efficiency of the ejector depended on when and where the liquid jet broke up in the flow direction. In addition, the occurrence of the jet break-up and the position in the ejector depended generally on the gas and liquid flow rates, on the ejector pressure drop and on its geometrical parameters such as nozzle geometry, diameter, the length of the mixing tube and the opening angle of diffuser. For given geometry of ejector, the operation parameter (gas to liquid flow rate ratio) affects the jet length and its break-up. For given flow conditions, ejector geometry influences the flow regimes and dispersion efficiency. Some papers researched the effect of the modification of nozzle design on the ejector dispersion efficiency (Henzler, 1981; Rylek and Zahradník, 1984; Panchal et al., 1991) . A positive effect of installation of a swirl body in the nozzle has been observed by Henzler (1981) , Rylek and Zahradník (1984) and Havelka et al. (1997) . Havelka et al. (1997) used an experiment to study the effect of ejector configuration on the rate and energy effectiveness of gas suction and on the values of gas hold-up in ejector loop reactors. Their experimental data showed that a swirl body added into the ejector nozzle increased the suction rate and dispersion efficiency and significantly improved its operating flexibility. By now, no attempt systematically has been made, however, at the flow regime and field of gas-liquid two-phase flow in up ejectors with a swirl body. The flow regimes of gas-liquid two phase flow and the velocity field of gas bubbles in an up-flow ejector with and without swirl were discussed in the present paper.
1. Experiment 1.1 Experiment set-up and ejector configuration A schematic chart of the experimental set-up is shown in Figure 1 . The experiments were carried out in air-water system and CO 2 -water system. Liquid is fed Fig. 2 The geometry of the ejector 1. water inlet; 2. nozzle; 3. suction chamber; 4. mixing tube; 5. diffuser; 6. gas inlet; 7. outlet from the water storage tank by pump to the ejector via nozzle and gas was entrained into the ejector 5 in experimental runs. The PLIF and PIV measurements were conducted using the TSI's Particle Image Velocimetry System. As shown in Figure 1 , the TSI's Particle Image Velocimetry System consists of laser aperture, synchronizer, laser generator, CCD camera and computer. The software INSIGHT 3G (TSI Inc.) installed to the computer is used to control all the operations relative to the shooting and recording.
In the experiment, the computer sends out the instruction and the synchronizer delivers it to the laser generator to generate laser which passes the dual YAG laser aperture to illuminate the ejector. At the same time, the synchronizer delivers the order to the CCD camera to shoot the area and the pictures then are sent back to the computer and recorded. The flow regimes and gas bubble flow field are analyzed using these pictures. Figure 2 is the configuration of the ejector. The ejector was made of Perspex and the basic geometric parameters are: liquid inlet D in1 = 10 mm, gas inlet D in2 = 8 mm, ejector outlet D out = 25 mm, nozzle diameter D N = 3 mm, mixing tube diameter D M = 6.5 mm, mixing tube length L M = 7 mm, diffuser length L D = 272 mm, the distance between the nozzle outlet and mixing tube inlet Lc = 5 mm and the gas inlet is shown as A-A profile that vividly displays the gas is sucked tangentially. The outline of the ejector is a cuboids and its length, width and height is respectively 300 mm × 37 mm × 37 mm. Figure 3 is the swirl body geometry in all the runs. When the experiment is carried on, the swirl is inserted into the upper of the nozzle. The symbols R, h, β, a R and b R in Figure 3 are respectively the radius of out circle, pitch of the swirl, opening angle of swirl slots, the difference between out circle and central circle and the depth of slots. For the used swirl in this work, R = 5 mm, h = 30 mm, β = π/6, a R = 0.8R and b R = 0.4R.
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Fig. 3
Geometrical parameters of a swirl body
The swirl height is a half of the pitch. According to Havelka et al. (1997) , the swirl number of the swirl body here is computed with the formula as follows:
Where n is the number of swirl slots and tan α = h/2π R. So the Sw b here is about 0.24 and this value will affect the flow regimes in the ejector.
Experiment methods
It has been studied to find all kinds of fluorescent tracer for PLIF measurement (Karasso and Mungal, 1997; Melton and Lipp, 2003) . The flow regimes here were measured using PLIF in which the Rhodamine B was added into the water and nothing in air and CO 2 . A color filter was added in the front of the CCD camera to only receive fluorescence from Rhodamine B induced by laser. When the pictures were recorded, the flow regimes could be observed clearly.
When the gas dispersed into the liquid after the liquid jet broke up, it formed small bubbles. The velocity field of gas bubbles was measured by particle image velocimetry (PIV). Two pulses of laser generated with a time interval of T and formed a couple of pictures which were used to compute the velocity of the gas bubbles. The PIV technology has been widely used in fluid mechanics (Pan and Meng, 2001; Baldi and Yianneskis, 2003; Laakkonen et al., 2005) .
All experiments were performed with the air-water and CO 2 -water system at atmospheric pressure (0 GPa) and room temperature (15-20 • ). In PLIF measurement, the liquid flow rate was set at 495-1062 kg h −1 and the gas flow rate ranged from 0.1-4.6 m 3 h −1 . The pictures of gas-liquid flow regimes with and without swirl were recorded to demonstrate their difference. In the pictures, the white area represented the liquid due to the added material of Rhodamine B which was amaranthine while the black denoted the gas. In PIV measurement, the liquid was set at 507 kg h −1 and gas flow rate ranged from 0.2 to 0.4 m 3 h −1 . 
Results and Discussion
Flow regimes by PLIF measurement without swirl
In the PLIF experiments for the flow regimes, the liquid flow rate was 507 kg h −1 and the gases used were respectively air and carbon dioxide. The gas flow rates ranged from 0.2 to 0.4 m 3 h −1 . Figure 4 showed the flow patterns under the condition without swirl. Figure 4 
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Fig. 5
Relationship between gas fraction and dimensionless jet length (liquid: water; gas: CO 2 ) the water is fed into the ejector via nozzle to form the jet and the gas flows up coaxially surrounding the liquid jet. The gas and liquid phase interact and transfer the momentum. At some point of the ejector, the energy of the liquid jet is consumed to some extent and the jet begins to break up. And then the circled gas is dispersed into bubble and the flow pattern changes to the bubble flow. With the increase in gas flow rate from 0.2 to 0.4 m 3 h −1 , the gas to liquid volumetric ratio ranges 0.39-0.78 and gas fraction is 0.28-0.44. Figure 4 (a)-(c) or (d)-(f) distinctly demonstrate that with the increasing gas to liquid flow rate ratio, the liquid jet length is different. That means the location of jet break-up is different when the gas and liquid flow rate changes. When the gas fraction increases, the liquid jet becomes longer and the location of jet break-up rises upward along the axis of the ejector.
In order to gain the relationship between gas fraction and the liquid jet length, the experiment with the liquid flow rate 495-1062 kg h −1 , CO 2 gas flow rate 0.1-4.6 m 3 h −1 were conducted. The dimensionless liquid jet length is set x/X where x is the liquid jet length and X is the axial length of the ejector (the distance between the inlet of mixing tube and outlet of diffuser). The gas fraction has significant effect on the liquid jet length and its break-up point ( Figure 5) . With the increase in gas fraction, the liquid jet length increases at first and get its maximum at the gas fraction 0.7-0.8. Accordingly, the breaking point moves to the higher position axially in the ejector. When the gas fraction increases further, the jet length decreases again and the breaking location becomes lower until they are rather stable. Cunningham and Dopkin (1974) reported that the optimum dispersion efficiency is achieved when the liquid jet breaks up just at the end of the mixing tube. If the jet disintegration occurs earlier, the flow of the homogeneous gas-liquid mixture through the remaining part of the mixing tube results in excessive friction losses. If, on the other hand, the mixing tube is too short, the jet does not break up and accordingly (a) (b) (c) the momentum transport between the phases does not occur. Therefore, the ejector design can be optimized based on the relationship between the gas fraction and the liquid jet length.
Flow regimes by PLIF measurement with swirl
A swirl body described in Figure 3 was inserted to the upstream of the nozzle and the distance between the nozzle outlet and mixing tube inlet was 5 mm which has been set in previous part. Cramers et al. (1993) found that the use of a swirl stabilized the mixing zone position and improved the maximum gas suction rate. Their results obtained for an ejector configuration without diffuser and with mixing tube length 0.7 m and diameter 0.029 m which is larger than the ejector in this work. Figure 6 showed the flow regimes under air-water system in the presence of the swirl body which are quite different from that in Figure 4 under the same operating conditions. When the system is CO 2 -water, the patterns are similar with those in air-water system. In addition, when the gas (air or carbon dioxide) flow rate increases, the flow patterns are also alike and have no obvious difference. To compare with the flow pattern in the ejector without swirl, when the swirl was added into the ejector, the liquid jet was not formed any longer. The liquid through the nozzle flows up with the shape of cone for a very short distance and then mixes with the entrained gas. The mixture formed the bubble flow at the lower part of the ejector. In Figure 6 , the pictures show that generally at the mixing tube inlet the liquid and gas have begun to mix. So the flow patterns with swirl are very different from those without swirl. Havelka et al. (1997) also observed that in the presence of swirl, jet disintegration Velocity field of gas-liquid flow in the ejector without swirl (liquid flow rate of 507 kg h −1 and gas flow rate of 0.4 m 3 h −1 ) occurred already at the nozzle outlet. The flow regimes under the two geometries show that if the ejector has a swirl body the mixing at the lower part is more complete than that in the ejector without swirl. Due to the different flow patterns, the mass transfer and reaction characteristics under these two different geometries may be different and this issue will be discussed in our later work.
Flow fields by PIV measurement without swirl
Set the parameters for the PIV measurement in the software INSIGHT 3G with PIV frame mode of straddle, pulse rep rate of 5.00 Hz, laser pulse delay of 180 µs, T of 80 µs and PIV exposure of 240 µs. The shooting area is about 113-200 mm of the cuboids where the liquid jet has broken up. The setting parameters can help to get vivid photos of the bubble flow.
The PIV of the fluid field include a couple of photos. The measurement and computation principles are revealed in the production statement and some reference (Wang et al., 2003) . Figure 7 shows the steady-state velocity field of the gas bubbles with liquid flow rate of 507 kg h −1 and gas flow rate of 0.4 m 3 h −1 . Ten couples of pictures were taken under the conditions that have set in the INSIGHT 3G. Then these pictures were analyzed to give every velocity field and finally all of the individual fields were averaged into one that was in Figure 7 . The vector direction is basically upward or parallel to the wall. The velocity 
Flow fields by PIV measurement with swirl
When the swirl body is inserted into the nozzle of the ejector, the liquid begin to curl along the screw slots. The gas is entrained into the ejector tangentially and rotates around the axial of the ejector. Therefore, the bubbles bundle themselves gyrate because of the screwed liquid besides rotating the centerline of the up-flow ejector. Figure 8 derived from ten photos taken for the gasliquid flow in the ejector with the swirl body inserted in the nozzle. It is known that under this condition the bubbles flow up more closely along the centerline of the ejector and the vectors also spiral up. Compared with the velocity field without swirl, the magnitude is similar but the direction is different and the former has more rotated flow field. 2.5 Bubble flow photos for the gas-liquid two phase with and without swirl The bubble flow photos can be obtained using PIV. PIV is a versatile optical technique which has been used to investigate flow fields and turbulence quantities in gas-liquid systems (Deen et al., 2002; Honkanen and Saarenrinne, 2002) . The success of bubble identification depends on the quality of image and the lighting conditions. In the present experiment, the laser generally shoots from one side and the asymmetry of exposure will weaken the image quality. For the sake of obtaining clear image, the incandescent lamp replaces the laser and shoots from the opposite of the camera which can make the bubbles exposure symmetrically and improve the image quality in our work. Figure 9 was shot under air flow rate 0.1-0.4 m 3 h −1 and water flow rate 507 kg h −1 . From Figure 9 , it can be seen that in the presence and absence of swirl body, the bubble flow is quite different under low gas to liquid flow rate ratios. For the former, the ejector was nearly full with small bubbles except the adjacent area of the wall. If the gas flow rate increases, the bubbles become more and dense until full of the whole diffuser. But for the latter with swirl, the bubbles through the mixing tube forms bubble chain which mainly distributes in the center line of the diffuser and rotate to flow up. If the gas increases relative to the liquid, the bubble chain becomes thicker and wider. Under high ratio of gas to liquid flow rate, the bubble distribution in the presence of swirl tends to the same as that in the absence of swirl. So at low G/L the qualitative analysis comes to the conclusion that in the diffuser the mixing is stronger without swirl than that with swirl.
Conclusions
The flow regimes of gas-liquid in up-flow ejectors with and without swirl were analyzed using the PLIF technology under air-water and CO 2 -water systems with different gas flow rates. The results showed that the flow patterns for the two ejectors are different. The relationship between the liquid jet length and gas fraction were also discussed in the absence of the swirl body. The flow fields in the absence and presence of swirl were obtained by PIV which demonstrates the velocity magnitudes in these two geometries are similar.
But in the presence of swirl, the flow vectors rotate up. In addition, the bubble photos under different G/L show that the bubbles screw up in the presence of swirl and at low G/L the existence of bubble chain indicates the lower mixing intensity with swirl than without swirl.
